We have reported on the heat production associated with glucose uptake by Saccharomyces cerevisiae under non-growing conditions (1). Generally, the transport system of glucose in yeasts is supposed to be diffusion facilitated by carrier mediation (2-4) which does not accumulate glucose against a concentration gradient and does not require an energy supply. However, it has been reported that several transport systems in yeast require energy, though the amount involved has not been determined experimentally.
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The purpose of the present study is to investigate the relationship between the heat effects and the transport processes of glucose in S, cerevisiae by calorimetry and to gain the insight into the energy coupling between the transport and metabolic processes.
In order to characterize glucose transport systems experiments were carried out in which either glucose was replaced by non-metabolizable 3-0-methyl-Dglucose (3-0-MG) or metabolism was inhibited in various ways. The heat measurements were made with a rotation calorimeter of the conduction type employing 40 ml of glass reaction vessels (1, 5). The yeasts studied were S. cerevisiae and its respiratory-deficient mutant. The calorimeter and experimental procedures used were described previously in detail (1, 5, 6). The heat effects were expressed as power (W). Analysis of sugars was made by liquid chromatography (Seishin Seiyaku) and by the Glucostat method (Worthington Biochemical Corp.). Assay of 3-0-methyl-[D-glucose-C14(U)] (Radiochemical Center, Ltd., England) uptake and counterflow was carried out by the modified method of FuKui et al. (7) on the filtrated cells on Millipore HA filters. 02 uptake was measured on the cell suspension with an oxygen-meter (Oriental Electric Co.). Figure 1 shows the effects of the glycolysis inhibitor iodoacetic acid (IAA) on the glucose uptake and on the heat production under aerobic and unaerobic 233 VOL. 29 conditions.
Prior to addition of glucose, cells were incubated in buffer solution containing 1 mM IAA in the calorimeter vessel for 2 hr. The marked effects of IAA appeared in the initial stage of glucose uptake. The IAA-treated cells, under Sugars (3 mg in 0.2 ml of solution) were added to the cell suspension (20 mg wet wt in 15 ml of phosphate buffer, pH 5.8~. 02 uptake was measured by an oxygenmeter (Oriental Electric Co.).
Glucose Transport in S, cerevisiae 235 aerobic condition, began heat production 30 min after the glucose addition, with gradual increase, and only 10 % of the added glucose was taken up during the initial 60 min. The untreated cells, on the contrary, took up all of the added glucose with a sharp peak of heat evolution during the same period. These results suggest that the sharp peak which appeared after the addition of glucose was accompanied by the rapid uptake of glucose. Figure 1 also shows that, under anaerobic condition, no appreciable heat was produced with IAA-treated cells, though 15 % of the added glucose was taken up after 15 hr and 20 % after 20 hr. Figure 2 shows the effects of metabolizable and non-metabolizable sugars on the rate of 02 uptake by the yeast cells. When glucose was added to the cells suspended in the phosphate buffer, oxygen consumption rapidly increased. 3-0-MG also caused a slow increase in oxygen consumption suggesting the stimulation of endogenous respiration. Whereas sorbose, which also is not metabolized by S. cerevisiae, did not affect the oxygen consumption. Figure 3 shows the entry and the counterflow of 3-0-MG as affected by glucose and the effect of KCN on the sugar uptake. The presence of glucose suppressed the uptake of 3-0-MG in yeast cells and the addition of glucose caused the counter- To phosphate buffer containing 10 mg cells (1.9 ml) was added 14C-3-0-MG solution (0.1 ml) at a final concentration of 4 mi. The reaction mixture was incubated at 30° and 0.1 ml aliquots were removed at intervals for counting.
•, 3-0-MG uptake; 0, 3-0-MG uptake in the presence of 10 mM glucose; x, 3-0-MG uptake in the presence of 1 mM KCN; 0, 3-0-MG counterflow caused by the addition of 10 mM glucose at 60 min (arrow (a)); e, second addition of 4 mM 3-0-MG (arrow (b)). flow of transported 3-0-MG. This suggests that the two substrates may be sharing common entry and exit systems. KCN inhibited the uptake of 3-0-MG by nearly one-half in this concentration. The water content of wet cells, prepared by removing the extracellular water as reported previously, was about 75 % (8). The maximum intracellular concentration of transported 3-0-MG, calculated from this value and Fig. 3 , was approximately equal to that of the external concentration. Figure 4 shows the heat associated with the addition of 3-0-MG to S. cerevisiae cells under various experimental conditions. Small but substantial heat production was observed when this sugar was added under aerobic conditions (a) and the power-time curve was simple in pattern when compared with that of glucose (Fig.  1) . The arrow in the figure indicates the second addition of the sugar using a threecompartment vessel (1). Heat production after the second addition was a little smaller than after the first. About 0.7 % of the added 3-0-MG was taken up by the cells during the first two hours and the amount of heat produced was calculated to be 0.6J, which corresponds to the enthalpy change, OH, of -1660 kJ/mol of 3-0-MG. Figure 4 also shows that metabolic inhibition had marked effects on the heat production. Curve (b) was obtained under anaerobic conditions, curves (c) and (d) were obtained with respiratory-deficient and IAA-treated cells, respectively. Almost no heat production was observed with the respiratory inhibition, but IAA-treated cells showed small but significant heat production, suggesting that IAA did not inhibit glycolysis completely. The effect of uncoupler carbonyl- cyanide m-chlorophenylhydrazone (CCCP) is shown in Fig. 4 (e) , where the heat production was comparable to that of untreated cells. Thus, the heat production associated with 3-0-MG transport does require the endogenous respiration or glycolysis. Lack of appreciable effect of CCCP on the heat production may be due to the fact that this agent does not affect the glycolysis and the respiration of yeast in this concentration range.
Only a few measurements have been reported on the DH of reactions involved in transport processes. A dH associated with the binding of thiogalactoside on the vesicles of E. toll containing lactose permease M protein was about -84 kJ/ mol (9) . The zH values concerning in the binding of specific ligands on some purified proteins were in the range of about +5 N -70 kJ/mol (10) . LONG et al. (11) reported that the zH obtained for non-metabolizable methylthio--D-galactoside transport by E. toll, in the activated state caused by preincubation of cells with glycerol, was about -1,070 kJ/mol, and, in the normal state, it decreased to -710 kJ/mol . Compared with these values, the LH obtained in this experiment is as high as that associated with the active transport process in E. coll.
In the transport of glucose by S. cerevisiae more than one system is likely to be involved in explaining different experimental results reported by various workers (2-4, 12, 13). However, the heat effects as observed in this study have not been reported by other investigators. The results obtained in this study, that is, the OH associated with 3-0-MG transport, the effect of the inhibitors on both sugar uptake and heat production and/or the stimulation of respiration by 3-0-MG addition suggest that the glucose transport systems examined are accompanied by cellular metabolism.
On the other hand, in the experiment with 3-0-MG uptake, the sugar was not concentrated within the cell but equilibration was established across the membrane and counterflow occurred with glucose addition. These facts indicate that glucose is transported via a facilitated diffusion processes.
The heat effects accompanying the facilitated diffusion process have not been studied. So it is unknown whether the energy coupling system as observed in this study is a general feature in other cases. Further calorimetric studies are needed in this regard.
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